This paper reviews contemporary glacial features, characteristics of documented glacial hazards, and the status of hazard assessment studies in the Pamirs of Tajikistan (hereafter the Tajik Pamir). The review found detachment of a hanging glacier, glacier-surging, and outburst discharge of a glacial lake to be major potential causes of glacial hazards in the Tajik Pamir, especially in the western area (west from approx. 73° E). Guerrilla glacial lakes, which are characterised as glacial lakes on the ice-core moraine that "appear repeatedly," "enlarge rapidly (within less than one year)," "disappear within less than two years," "are superficially closed," and "are of relatively small size (approx. < 10 6 m 2 )" should hereafter be paid special attentions. Preparation of appropriate hazard-mitigation activities should require early detection of not only the large crack in the hanging-glacier terminus, surge behaviour, and the glacial lake and guerrilla glacial lake, but also regular monitoring of these hazard factors. One of the most suitable monitoring techniques is to use earth observation satellite images with a relatively short repetitive cycle (ideally once every few days) and a high spatial resolution (ideally several meters).
conducted hazard assessment investigations in the Tajik Pamir. Shaded area in the southwestern Tajik Pamir covers the Gunt and Shakhdara valleys, where the hazard assessment of alpine lake outburst fl oods was carried out by . Solid star: location of the Dasht Lake, which caused a catastrophic outburst fl ood on 7 August 2002. Open and solid circles: distribution of glaciers listed in Kotlyakov et al. (2010b) The climate of the Pamir is represented by sub-continental and arid continental climates. The moisture delivered to the Pamir is mainly from the Westerlies, although Indian monsoons also reach southeastern Pamir occasionally (Aizen et al., 2009) . Two-thirds of the annual precipitation occurs during the winter and spring seasons (Aizen, 2011) . The precipitation map of Tajikistan (UNEP, 2002) shows that: (1) the western Tajik Pamir generally receives greater amounts of mean annual precipitation (200-2,000 mm/y) than the eastern Tajik Pamir (<100-200 mm/ y), which belongs to the area influenced by the orographic rain shadow effect, and (2) within the western Tajik Pamir, the area situated north of the Bartang valley receives higher mean annual precipitation (400-2,000 mm/y) than the area south of the Bartang river (200-800 mm/y).
The settlements in the Tajik Pamir are concentrated in the valley floors of the western Tajik Pamir, except for some cases (e.g., Alichur, Murgab, and Karakul), and most residences, infrastructure, and arable fields in the western Tajik Pamir are situated on the alluvial fans/cones developing on the tributary mouths (Watanabe, 2000) , making the western Tajik Pamir more vulnerable to geohazards (e.g., GLOF and seasonal high flow flood).
Glaciers
In the Tajik Pamir, 6,730 glaciers, covering a total area of 7,493 km 2 , have been identified by the Institute of Geography, the USSR Academy of Sciences (now the Russian Academy of Sciences) (Kotlyakov et al., 2010a (Kotlyakov et al., 2008 and 2010b) . The important point to note is that The 172 glacial lakes are mostly located at 4,400-4,700 m a.s.l. (Mergili et al., 2012) . This altitudinal zone is significantly higher than the altitudes ranging from 3,810-4,000 m a.s.l., which are calculated as the lower boundary of the discontinuous permafrost (permafrost probable)
by Müllebner (2010) . This situation in the southwestern Tajik Pamir is at least a favorable factor for the stability of the ice core (dead ice) underneath the lake-dammed moraines in this region.
Ⅲ.Glacier-related hazards in the Tajik Pamir
The report published by the Department of (1951, 1963, 1973, 1989, 2001 , and 2011) (Novikov, 2002; Kotlyakov et al., 2010b) . Among these surges, the events of 1963, 1973, 1989, and 2011 Ice-water debris-flow, which originates from (2000, 2001, and 2002) , and Google Earth images (2008) . All data were geo-referenced to the WGS 84 UTM 43°N horizontal coordinate system, using Arc GIS 9.2. Orthorectifi cation of the Corona satellite photos was not performed here. inundated the Dasht Village (2,620-2,600 m a.s.l.), situated on the alluvial fan. Its travel time to the village was estimated to be at least 45 minutes based on reports from the local population . Eventually, this event destroyed a large part of the village and killed approximately 25 people.
The changes of the Dasht Lake before and after the event can be traced from the observation of the multitemporal satellite images covering the years 1968, 1973, 1992, 2000, 2002, and 2008 , and a 1:50,000 Russian map compiled in 1983-84 ( (Google Earth Image) shows that no lake/ pond formed in the former extent of the Dasht Lake after the outburst.
From the development history described above, the Dasht Lake can be characterized as having repeated appearance, rapid enlargement, no surficial outlet, and being a short-lived lake on the ice-cored end moraine. The appearance and expansion of this glacial lake can most likely be attributed to the temporal blockage of the drainage channel through or beneath the deadice/till complex, caused by ice deformation and/ or ice-debris collapse into the channel, as was observed in the Tien Shan (Narama et al., 2010) .
The sudden discharge (outburst) from the lake is probably because of the blockage failure due to increasing water pressure and/or the atmospheric warming in the summer.
One significant feature of the Dasht debris flow is, as suggests, that the debris flowed approximately 6.0-1.0 km beyond the travel distance calculated using various existing empirical models such as those by Corominas et al. (2003) , Haeberli (1983) , and Rickenmann (1999) . This indicates the possibility that subglacial waters were involved in the debris flow, and/or the backwater effects of the flow .
Ⅳ.Applied hazards assessment
In the Tajik Pamir, assessments of geohazards (including GLOFs, mass movements, and seismicity) have been carried out continuously by an Austrian research group since 2002 (Schneider, 2005) . The main results of these assessment activities were summarized in Schneider et al.
(2010) and . There are significant differences in the assessments (e.g., research areas, focused hazards, methods, and final outputs) of these two investigations, which we review in this section. is firstly defined from five classes (0 for zero probability to 4 for very high probability). Then, the probability class assigned to each hazard intensity is summed up according to the rating scheme. Finally, the potential hazard risk to each village is rated to be one of six levels (1 for very low hazard, to 6 for very high hazard), depending on the calculated score. The confidence levels (A for vey high confidence, to E for no information),
showing the quality of the assessment work, is given for each rating.
(2) Results of assessment
The assessment by Schneider et al. (2010) showed that 34 villages in the Tajik Pamir (the GBAO and Jirgital areas) and 23 villages in the Zarafshan Range were rated to have 'medium hazard' (Class 4). It is worth noting that regional differences can be found in the hazard types threatening these villages. Specifically, major threats from glacier related hazards are restricted to the villages in the GBAO area, Tajik Pamir.
On the other hand, hazards related to mass movements are the predominant risk for villages in the Jirgital area, Tajik Pamir, and the Zarafshan Range.
Regarding the significant glacier-related hazards in the GBAO area, the following three cases can be extracted from the assessment report:
(1) ice avalanches caused by detachment of a glacier, (2) GLOFs, and (3) compounded-GLOFs induced by the cascade effect. The potential of Geomorphic and glacial configurations in these maps were identified from the Google Earth observations, and were subsequently delineated on the ortho-images with contour lines, which were constructed from SRTM-3 DEM and Landsat 7 ETM+ images (p151r034; captured on 22 August 2005). The altitudes shown in these maps are mainly derived from Google Earth. Input (see Table 1 (1) occurring was detected in a hanging-glacier (N38°01', E71°55'), which occupies the uppermost reaches of a tributary valley in the Bartang Valley (Fig. 1) , where a transverse crack has been formed near the glacier tongue (Fig. 4) . The study area of this assessment covers the Gunt and Shakhdara valleys, the southwestern Tajik Pamir (Fig. 1) , and does not overlap that of Schneider et al. (2010) , except the Gunt Valley.
Both of Bartang and
(1) Methodology of assessment
The hazard assessment of was carried out based on GIS and Remote Sensing approaches, part of which was established in e.g., Reynolds (2003) and Huggel et al. (2004) . In this assessment, 408 alpine lakes were first identified in the study area.
Then, both of the potentially hazardous lakes and possible hazard-impact areas were evaluated through the rating and scouring systems. The input parameters and workflow used in this analysis are shown in Table 1 and Fig. 6 , respectively.
As shown in Fig. 6 , the ratings of the potentially hazardous lake ('Lake outburst hazard' H) are derived from a combination of the 'lake outburst susceptibility' rating S and the 'potential magnitude of outburst' rating M. Subsequently, the 'impact susceptibility' rating I, expressing the potential risk of outburst floods along the area downstream from lakes, is evaluated for each pixel of the study area. Finally, the rating for the possible hazard-impact area (the impact hazard rating H), is proposed through the integration of the H rating with the I rating, and the results are output as a hazard indication map. The detailed procedures for estimating each rating of H and HI are briefly described below.
a. Evaluation of potentially hazardous lakes
In order to evaluate the potentially hazardous lakes, firstly, the definition of the 'lake outburst susceptibility' rating S is required. The S ratings are built on the combined ratings of internal and external factors (S int and S ext ) that could poten- rating M is determined according to the lake area, which is considered to be one of the best surrogates for the indicator of outburst magnitude, e.g., 'volume of a lake' or 'expected peak discharge of outburst flood.' Finally, the ratings of the potentially hazardous lakes (0 for negligible, to 6 for extremely high) are derived by combing the S rating with the M rating.
b. Evaluation of possible hazard-impact area
The 'impact susceptibility' rating I is the last analysis to define the rates of the 'possible Table 1 . Input parameters used in hazard assessment of (see Fig. 6 ) Simplification of the original table in Map of active faults and published relationships hazard-impact area (HI)' (0 for negligible, to 6 for extremely high), as mentioned above. The rating I denotes the tendency of a lake outburst flood to affect a certain area, and is assigned to one of 7 classes (0 for negligible, to 6 for extremely high)
according to the evaluation of the following two factors: (a) relation to the existing four empirical relationships (Haeberli, 1983; Rickenmann, 1999; Huggel, 2004; Huggel et al., 2004) for estimating the travel distance of outburst flood to the area downstream from lakes, and (b) the average slope angle in the area from the lake to the estimated extent of outburst flood. For instance, a pixel corresponding to any one of the four empirical relationships among 3 classes (1 for low, to 3 for medium), is determined to be one of those classes based on the average slope angle to this pixel from a lake. In contrast, a pixel that corresponds to all four empirical relationships (e.g., the area just below a lake) is instantly determined to be class 6 'extremely high.' respectively. The third lake is the Nimatskul (Lake N1; Fig. 5C ), and is ranked 'high hazard.'
On the other hand, the Dasht Lake in 2002 (just before causing the GLOF) was ranked 'medium hazard' (Class 3), which we deem to be an underestimation of its actual impact downstream.
The main reason for the low H rating is that the limited size of the Dasht Lake (its M index) downgraded the score of the lake outburst susceptibility 'S,' which is ranked 'very high' (Class 5) in the definition of the H rating. Therefore, it is difficult or impossible to appropriately assess the potential risks for outburst flooding from a small glacial lake such as the Dasht Lake using this approach. This must be taken into consideration when applying this method of assessment to hazard-mitigation. To analyze the Dasht 2002 event, this type of glacial lake should be distinguished as a 'repeatedly appearing,' 'rapidly enlarged (within less than one year),' 'short-lived (within less than two years),' 'superficially closed,' and 'relatively small sized' glacial lake on the ice-core moraine, and can be appropriately designated as a guerrilla glacial lake. Such guerrilla glacial lakes can discharge unexpectedly, when the blockage to the drainage channels beneath/through the ice-core moraine fails (e.g., Narama et al., 2010; . Because both the blockage and failure are likely to be dependent on invisible factors in the sub/intra-moraine conditions, it would be impossible to predict the timing of the lake appearance, ot the lake outburst.
In summary, in the Tajik Pamir, not only are glacial lakes assessed as dangerous lakes, but some also display the features of guerilla glacial lakes, and should be assumed to pose a serious potential hazard downstream. Early detection of the emergence of the guerrilla glacial lakes is key to reducing the GLOF hazards in this region, because the unpredicted outburst discharge from such a lake can potentially occur within less than one or two years of its appearance.
Recommended action to mitigate glacier-related hazards
As mentioned above, the Tajik In the near future, however, observation of a certain area with much more frequent repetition may be practicable by launching many sets of microsatellites such as the 50-kg class microsatellite SPRITE-SAT (RISING) Yoshida et al., 2010) .
Finally, it should be noted that although the risk assessments of glacier-related hazards in the Tajik Pamir have been accomplished in two different ways (Schneider et al., 2010; , the assessment areas of these two studies barely overlap each other, and do not cover the whole area of the Tajik Pamir (Fig. 1) , as mentioned in Chapter IV. Assessment investigations using both approaches are urgently needed in the Tajik Pamir, in order to fill in assessment blanks such as that in the Vanch Valley (Fig. 1) . Furthermore, adequate warning based on the updated results of monitoring and assessment should be provided to the hazard-affected local populations.
